INTRODUCTION
It is well known that sex affects a large number of livestock traits, including economically relevant traits. For centuries, many pork production systems have been relying on castration of males to avoid boar taint (Bonneau, 1998; Bañón et al., 2003) . Male castration has also other effects on several performance and carcass traits. Surgically castrated males compared with entire gilts have, in general, fatter carcasses and lower feed conversion rate as defined in many differ- ABSTRACT: Metabolomics has opened new possibilities to investigate metabolic differences among animals. In this study, we applied a targeted metabolomic approach to deconstruct the pig sex metabolome as defined by castrated males and entire gilts. Plasma from 545 performance-tested Italian Large White pigs (172 castrated males and 373 females) sampled at about 160 kg live weight were analyzed for 186 metabolites using the Biocrates AbsoluteIDQ p180 Kit. After filtering, 132 metabolites (20 AA, 11 biogenic amines, 1 hexose, 13 acylcarnitines, 11 sphingomyelins, 67 phosphatidylcholines, and 9 lysophosphatidylcholines) were retained for further analyses. The multivariate approach of the sparse partial least squares discriminant analysis was applied, together with a specifically designed statistical pipeline, that included a permutation test and a 10 cross-fold validation procedure that produced stability and effect size statistics for each metabolite. Using this approach, we identified 85 biomarkers (with metabolites from all analyzed chemical families) that contributed to the differences between the 2 groups of pigs (P < 0.05 at the stability statistic test). All acylcarnitines and almost all biogenic amines were higher in castrated males than in gilts. Metabolites involved in tryptophan catabolism had the largest differences (i.e., delta = 20% for serotonin) between castrated males (higher) and gilts (lower). The level of several AA (Ala, Arg, Gly, His, Lys, Ser, Thr, and Trp) was higher in gilts (delta was from approximately 1.0 to approximately 4.8%) whereas products of AA catabolism (taurine, 2-aminoadipic acid, and methionine sulfoxide) were higher in castrated males (delta was approximately 5.0-6.0%), suggesting a metabolic shift in castrated males toward energy storage and lipid production. Similar general patterns were observed for most sphingomyelins, phosphatidylcholines, and lysophosphatidylcholines. Metabolomic pathway analysis and pathway enrichment identified several differences between the 2 sexes. This metabolomic overview opened new clues on the biochemical mechanisms underlying sexual dimorphism that, on one hand, might explain differences in terms of economic traits between castrated male pigs and entire gilts and, on the other hand, could strengthen the pig as a model to define metabolic mechanisms related to fat deposition.
ent breeds and conditions (D'Souza and Mullan, 2002; Serrano et al., 2009; Morales et al., 2011; Garitano et al., 2013) . However, despite the relevance of these effects, only few studies have indirectly provided molecular information useful to evaluate the physiological mechanisms determining these differences (Orengo et al., 2014; Cai et al., 2015; Suárez-Belloch et al., 2015) . Metabolomics aims to characterize the whole set of small molecules present in a biofluid or tissue under specific conditions (Hollywood et al., 2006; Monteiro et al., 2013) . A few studies in humans showed that blood (serum and plasma) metabolomic profiles are influenced by the gender (Lawton et al., 2008; Mittelstrass et al., 2011; Saito et al., 2014; Dunn et al., 2015) and that there is interaction between disease states, including obesity, age, and sex (Szymańska et al., 2012; Menni et al., 2013; Patel et al., 2013) .
Targeted and untargeted metabolomic studies in pigs have been recently reported to evaluate the effects of different treatments or other factors (e.g., D'Alessandro et al., 2011; Straadt et al., 2014) . However, the effect of sex on metabolomic patterns has not yet been a matter of detailed investigation in pigs.
In this study, we compared the plasma metabolome of castrated males and entire gilts from a performancetested heavy pig population using a targeted metabolomic approach and identified several biomarkers and metabolic pathways that differentiate these 2 groups of pigs.
MATERIALS AND METHODS
All animals used in this study were kept according to the Italian and European legislation for pig production, and all procedures described were in compliance with Italian and European Union regulations for animal care and slaughter.
Animals
The metabolomic study was conducted on a total of 597 performance-tested Italian Large White pigs (403 gilts and 194 castrated males obtained from 68 different sires) slaughtered over 17 different days in 2012/2013. Surgical castration of the males was routinely performed on farm a few days after birth following European rules for this practice. These pigs were part of the sib-testing program of the Italian Large White pig population for which triplets of pigs of the same litter (2 females and 1 castrated male) are individually performance tested at the Central Test Station of the National Pig Breeder Association (Rome, Italy) for the genetic evaluation of a boar from the same litter (sib testing). The test period started when piglets were 30 to 45 d old and ended when they reached 155 ± 5 kg live weight. The nutritive level was quasi ad libitum, meaning that about 60% of the pigs are able to ingest the entire supplied ration. At the end of test, animals were transported in the morning to a commercial slaughter plant (about 25 km from the test station) where they were slaughtered following standard procedures after electrical stunning (Fontanesi et al., 2008 (Fontanesi et al., , 2012 . Back fat thickness on the carcasses was measured at the level of the gluteus medius. Weight of fat cuts (lard) and weight of cheeks were measured after carcass dissection.
Blood and Plasma
Blood was collected at the slaughterhouse just after pigs had been exsanguinated. For each animal, about 50 mL of blood was sampled in 50-mL tubes containing 0.5 mL of EDTA as an anticoagulant. To avoid variations due to circadian rhythm, all samples were drawn in the morning between 0700 and 0800 h after overnight fasting of about 12 h. Blood samples were maintained at about 10°C for 2 h after collection and then they were centrifuged for 10 min at 2,420 × g at 4°C to obtain plasma that was aliquoted in several 1.5-mL tubes and stored at -80°C until metabolomic analyses.
Metabolomic Analyses
Targeted metabolic profiling was performed using the AbsoluteIDQ p180 Kit (Biocrates Life Sciences AG, Innsbruck, Austria). Ten microliters of plasma samples was analyzed on an API 4000 QTrap LC/MS/ MS System (Applied Biosystems, Foster City, CA). The assay allows for the simultaneous quantification of 186 metabolites including 21 AA, 19 biogenic amines, 1 hexose, 40 acylcarnitines, 15 sphingomyelins, 76 phosphatidylcholines, and 14 lysophosphatidylcholines. The list of all metabolites with the full biochemical name and abbreviation is reported in Supplemental Table S1 (see the online version of the article at http://journalofanimalscience.org). Measurement of metabolite concentration was performed using 9 different kit plates. Quality control samples were prepared pooling equal volumes of plasma from 10 unrelated different pigs randomly chosen. The analytical platform included a Serie 200 HPLC system (PerkinElmer, Waltham, Massachusetts, USA) coupled with an API 4000 QTrap mass spectrometer (AB-Sciex, Foster City, CA). The plate preparation was performed according to manufacturer instructions (Biocrates Life Sciences AG). Metabolites belonging to AA and biogenic amine classes were analyzed by liquid chromatography-tandem mass spectrometry (MS/MS) and quantified by isotopic dilution on a 7-point calibration curve. Metabolites belonging to acylcarnitines, phospho-and sphingolipids, and hexose were analyzed by flow injection analysis-MS/MS and quantified by their relative intensity over the chosen isotopically labeled internal standard. The quantification of a subset of compounds determined by flow injection analysis-MS/MS was stated as semiquantitative by the supplier. Analyzed metabolites were reported as micromolar concentration. The complete analytical process was performed using the MetIQ software package, which is an integral part of the AbsoluteIDQ p180 Kit, following the manufacturer instructions (Biocrates Life Sciences AG).
Statistical Analyses
The effect of sex on carcass traits (back fat thickness, weight of lard, and weight of cheeks) was tested with a linear model (function lm of the R version 3.0.1 package stat; R Development Core Team, 2008 ) that included the day of slaughtering, the kinship matrix (KM), and carcass weight as covariates. Residuals were tested with the t.test function.
A 3-step procedure was adopted to filter metabolomics data:
1) Preliminary quality control steps: Only metabolites with an interplate percentage of CV (CV%) < 20 over quality control pool samples and metabolites with less than 5% of missing values were considered for the second step of the procedure; 2) Control for missing values (NA) and zero values: for animals having at least one NA or zero values the entire metabolic profile (all other metabolites) were removed; and 3) Elimination of outlier samples: Samples were considered outliers if the metabolite concentrations measured for the sample were 1.5 times the interquartile range below or above the corresponding median for 30% of the data columns, that is, metabolites (Kastenmüller et al., 2011) . Sex effect on the plasma metabolomic profile was investigated by sparse partial least squares discriminant analysis (sPLS-DA), which is a multivariate technique used in classification and discrimination problems especially when variables are highly correlated (Lê Cao et al., 2011) . Because sPLS-DA allows for variable selection and dimension reduction, it represents an appropriate method to detect a limited number of metabolites highly influenced by the tested factor (i.e., sex). Here, we modeled sex as the response variable and scaled residuals of metabolite concentration (see below) as predictors. In the sPLS-DA, the sparseness coefficient and the number of discriminant dimensions were automatically selected using an internal 10-fold cross-validation procedure. Metabolites contributing with non-null coefficients to discriminant dimensions were selected and validated applying a permutation test (permutation of sex) coupled with an external 10-fold cross-validation procedure (10CV_ external; see below). The aim of this approach was to evaluate both the stability and the effect size of the selected metabolites and consists of testing the null hypothesis that metabolite concentrations are unrelated to sex (that is, that metabolite selection is only due to chance). Denoting by |t| the (absolute) reference value of some test statistic and by |t h *| the (absolute) value of the same statistic obtained after the hth permutation (h = 1, ..., 1,000), the 2-tail P-value is estimated by ( ) (Legendre and Legendre, 1998) .
As far as stability is concerned, |t| represents the number of times that the metabolite was selected in the 10CV_external performed on the original data set (0 ≤ |t| ≤ 10), whereas |t h *| represents the number of times that the metabolite was selected in the 10CV_external performed on the ith permuted data set. Concerning effect size assessment, |t| represents the absolute value of the estimated coefficient assigned to the metabolite by sPLS-DA performed on the original data set, whereas |t h *| represents the corresponding one obtained after the ith permutation. Metabolites having P < 0.05 for both stability and effect size simultaneously were considered stable and significant.
For the 10CV_external data partition, the data set was divided into 10 folds on the basis of genetic similarity of the pigs, as defined by sharing the same father, that could give similarity in the metabolic profile (the same father was selected as it corresponded with different halfsib families). In this way, each fold contained individuals having the same father for a total of 4 through 9 fathers in each fold but not repeated in other folds.
As metabolite concentrations could be affected by different environmental, technical, and genetic factors, we removed all potential confounding effects that could be identified in our experimental design using residuals derived from a linear regression model. The basic model was The relative sex-specific difference in the metabolite quantification (Δ%) was calculated as the difference between the mean metabolite concentration in castrated males and the mean metabolite concentration in entire gilts, divided by the mean metabolite concentration in castrated males and expressed as percentage.
All statistical analyses of metabolomics data have been performed in R version 3.0.1 (R Development Core Team, 2008) using the kinship2 package (function kinship) for the KM computation, the stats packages for the computation of metabolite residuals (function lm) and for the multidimensional scaling (function cmdscale), the spls packages (function cv.splsda and splsda) for the sPLS-DA analysis. Results were visualized plotting the scores of the first 3 components, where each point represents an individual plasma sample (pig).
Metabolomic Pathway and Enrichment Analyses
Metabolites with regression coefficient different from 0 identified using the statistical pipelines described above were mapped in the Kyoto Encyclopedia of Genes and Genome (KEGG) database (http://www. genome.jp/kegg/pathway.html [accessed July 2015]; Kanehisa et al., 2014) and in the Human Metabolome Database (HMDB; http://www.hmdb.ca/ [accessed July 2015]; Wishart et al., 2013) . Then, the interactive Pathways Explorer iPATH2.0 (Yamada et al., 2011) was used to obtain an overview of the KEGG pathways that included selected metabolites. In addition, selected metabolites were analyzed with the Pathway Analysis and the Metabolite Set Enrichment Analysis modules of MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/MetaboAnalyst/ [accessed July 2015]; Xia et al., 2015) . The Pathway Analysis module exploits the KEGG metabolic pathways with pathway enrichment and pathway topology methods (Xia et al., 2015) . This module was used with the human pathway libraries of KEGG, the hypergeometric test option for over-representation analysis (ORA), and the relative betweenness centrality option for topological analysis and using only metabolite sets containing at least 5 compounds. Metabolite Set Enrichment Analysis identifies biologically meaningful patterns that are significantly enriched in quantitative metabolomic data. Metabolite Set Enrichment Analysis was applied using the ORA that was implemented using the hypergeometric test to evaluate whether a particular metabolite set was represented more than expected by chance within the metabolic pathway-associated metabolite sets.
RESULTS

Metabolomic Data
A total of 132 out of 186 analyzed metabolites (71%) passed the quality control step. It is worth mentioning that the CV% threshold that was used in our study (CV% = 20) is more stringent than that was used by previous studies performed with the same AbsoluteIDQ metabolomic platform in human plasma or serum (CV% = 25 or 30; Mittelstrass et al., 2011; Siegert et al., 2012) . In this way, we wanted to be very conservative and prefiltered the data set to maximize the potentials of the statistical pipelines that rely only on the metabolites less affected by analytical or technical factors that could increase the variability in the quantification. The list of retained metabolites (Supplemental Table S2 ; see the online version of the article at http:// journalofanimalscience.org) included 20 AA (out of 21 analyzed; 95.2%), 11 biogenic amines (out of 19; 57.9%), 1 hexose (out of 1; 100%), 13 acylcarnitines (out of 40; 32.5%), 11 sphingomyelins (out of 15; 73.3%), 67 phosphatidylcholines (out of 76; 88.2%), and 9 lysophosphatidylcholines (out of 14; 64.3%).
Mean and SD of raw and residual data for the 132 metabolites separated for castrated males and gilts are reported in Supplemental Table S2 (see the online version of the article at http://journalofanimalscience. org). These statistics were based on a total of 545 pigs (out of 597 starting animals; 91.3%) that were consid-ered after the subsequent filtering steps (172 castrated males and 373 females).
Carcass and Metabolite Differences between the Two Sexes
As expected, all 3 investigated carcass traits were significantly different between castrated males and entire gilts. In particular, back fat thickness (P = 6.21 × 10 -11 ), weight of lard (P = 1.47 × 10 -14 ), and weight of cheeks (P = 2.50 × 10 -10 ) were higher in castrated males (residuals were mean 1.787 mm [SE 0.319 Serrano et al., 2009; Morales et al., 2011; Garitano et al., 2013; Trefan et al., 2013) .
Differences between the 2 sexes were also evident for the metabolomic traits (metabotypes). Figure 1 reports the scatter plot of the first three sPLS-DA components showing that, as determined by their plasma metabolomic profiles, animals of the same sex cluster together. Although two groups are evident, an overlap between castrated males and intact gilts exists.
To obtain a statistical validation of the metabolites most influenced by the sex, sPLS-DA-selected metabolites were assessed for stability and effect size using the designed statistical pipeline (Supplemental Table S2 ; see the online version of the article at http://journalofanimalscience.org). According to the stability statistics, 114 metabolites (86.4%) had a P ≤ 0.05 showing a sex effect spread all over the metabolite families (i.e., metabolites from all families were included in this list). Considering a more stringent stability threshold, 30 metabolites (22.7%) had a P ≤ 0.01, including 2 acylcarnitines, 27 phosphatidylcholines, and 1 sphingomyelin (Table 1) . According to the effect size, the regression coefficient of 47 out of 132 metabolites (35.6%) was equal to 0, indicating that those metabolites did not have any weight in the classification derived by the sex. As expected, these metabolites had P = 1. The remaining 85 out of 132 metabolites (64.4%) under the validation procedure having a non-null regression coefficient are listed in Table 1 . Of them, 55 had a P ≤ 0.10 and 24 had a P ≤ 0.05 (Table 1) , including 2 acylcarnitines (C16 and C18:1), 16 phosphatidylcholines, 4 sphingomyelins, and 2 AA (His and Thr). Only 1 phosphatidylcholine (PC ae C34:2) was selected, having a P < 0.01 effect size. All metabolites that had an effect size with P ≤ 0.05 were also stable at the same P-value level, but the opposite was not true (Table 1) . That means that even if some metabolites could have a stable influence in the discrimination (in other words, they were necessary for discrimination), their regression weight was not so important/significant for the classification.
Considering the direction of the effects for the 85 metabolites that had a regression coefficient different from 0, on the whole, 43 were higher in castrated males and 42 were higher in intact gilts. In particular, all acylcarnitines were higher in castrated males than in gilts. The largest Δ% among this group of metabolites was observed for propionylcarnitine (C3; Δ% = 10.4%). Twelve out of 18 phosphatidylcholine diacyl metabolites and 13 out of 22 phosphatidylcholine acyl-akyl metabolites were higher in plasma of intact Table 1 . Continued gilts than in plasma of castrated males. The largest female effect was observed in one of these metabolites (PC ae C36:5), with Δ% = -7.14%. Most of the sphingomyelins had a higher level in gilts than in castrated males (6 out of 8); however, within this class, 2 out of 3 hydroxysphingomyelins were higher in plasma of castrated males. Of the 5 lysophosphatidylcholines acyl molecules, 4 were higher in gilts. However, the largest Δ% (6.45%) was for lysoPC a C17:0, for which castrated males had a higher mean value than entire gilts. A larger number of AA (8 out of 12) was higher in gilts than in castrated males (Δ% for Ser and His 4 For the stability, "t" represent the number of time that the metabolite was selected in the 10 cross-fold validation procedure. N(t) indicates the number of times that (t* ≥ t).
5 For the effect size, "t" represents the absolute value of the regression coefficient of the metabolite and t* represents the relative one obtained after the permutation. N(t) indicates the number of times that |t*| ≥ |t|.
6 "Male" indicates metabolite concentration higher in castrated males than in gilts. "Female" indicates metabolite concentration higher in gilts than in castrated males. Metabolites that did not have a weight in the classification were not reported.
7 Δ% = relative sex-specific difference in the metabolite quantification: the difference between the mean metabolite concentration in castrated males and the mean metabolite concentration in entire gilts, divided by the mean metabolite concentration in castrated males and expressed as a percentage.
8 Met-SO = methionine sulfoxide.
was equal to -4.85 and -4.68%, respectively) whereas the contrary was true for biogenic amines (8 out of 9 higher in castrated males), including the highest male effect on serotonin (Δ% = 20.76) among all analyzed metabolites. Finally, C6 sugars (hexoses) were higher in castrated males than in gilts (Δ% = 3.36).
Metabolomic Pathway and Enrichment Analyses Comparing the Two Sexes
An overview of the metabolic KEGG pathways obtained with iPATH2.0 that included the metabolites with KEGG accession numbers (n = 60) that had nonnull regression coefficients is shown in Supplemental  Fig. S1 (see the online version of the article at http:// journalofanimalscience.org). This picture gives an overview of the metabolic pathways that contribute to the differences between castrated males and entire gilts among the general metabolic representation of the human metabolism, used as proxy for that of the pig, interrogated by iPATH2.0. This general representation confirms that many different pathways are involved and might indicate that the analyzed metabolites can capture a quite heterogeneous partial representation of a very complex biochemical network. Then, the 85 metabolites were classified in the HMDB, 3 of which did not have an HMDB corresponding entry and were not included in further analyses (Table 1) . Then, the Pathway Analysis module implemented in MetaboAnalyst 3.0 was applied using metabolites with the same direction to identify the most relevant pathways that might differentiate the metabolism of castrated males and entire gilts. Figure 2 shows the metabolome view obtained from the 2 groups of pigs. Supplemental Tables S3 and S4 (see the online version of the article at http://journalofanimalscience.org) report the detailed results of the Pathway Analysis. Castrated males were characterized by only 5 significant pathways considering a raw P-value < 0.05. None of them were significant considering a false discovery rate threshold of 0.05. Metabolomic pathways in entire gilts included 11 pathways at a raw P-value of 0.05, 3 of which were also below the 0.05 false discovery rate threshold. One of them (glycine, serine, and threonine metabolism) had also the largest impact factor (0.42) among all pathways from the 2 groups of pigs (Supplemental Tables S5 and S6 ; see the online version of the article at http://journalofanimalscience. org). Supplemental Fig. S2 (see the online version of the article at http://journalofanimalscience.org) reports the summary plots of the ORA from castrated males and entire gilts. Oxidation of branched-chain fatty acids (raw P-value < 0.05) and protein biosynthesis (raw P-value < 0.10) were the first 2 enriched functions in castrated males. In entire gilts, only protein biosynthesis was nominally significant (raw P-value < 0.05). The second most significant metabolite enriched function was ammonia recycling (raw P-value < 0.10). None of these functions was significant after correction for multiple testing (Supplemental Fig. S2 ; see the online version of the article at http://journalofanimalscience.org). Figure 3 summarizes a metabolic Figure 2 . Metabolome view of the pathway analysis obtained including metabolites that had regression coefficient different from 0 and the same direction in castrated males and entire gilts. The impact is the pathway impact value calculated from pathway topology analysis. The 10 first pathways in castrated male pigs are indicated: 1) valine, leucine, and isoleucine biosynthesis; 2) valine, leucine, and isoleucine degradation; 3) aminoacyl-tRNA biosynthesis; 4) β-alanine metabolism; 5) arginine and proline metabolism; 6) glycerophospholipid metabolism; 7) linoleic acid metabolism; 8) tryptophan metabolism; 9) taurine and hypotaurine metabolism; 10) sphingolipid metabolism; and 10) pantothenate and CoA biosynthesis. The 10 first pathways in entire gilts are reported: 1) aminoacyl-tRNA biosynthesis; 2) glycine, serine, and threonine metabolism; 3) nitrogen metabolism; 4) cyanoamino acid metabolism; 5) sphingolipid metabolism; 6) β-alanine metabolism; 7) methane metabolism; 8) glutathione metabolism; 9) glycerophospholipid metabolism; and 10) lysine degradation.
map including the direction of the effects of the sex on specific metabolomic classes, linking relevant metabolites and pathways.
DISCUSSION
Metabolites reflect the state of a specific phenotype or condition (Monteiro et al., 2013; Ramautar et al., 2013) . We investigated a large performance-tested cohort of pigs with sufficient statistical power to examine the metabolomic differences between 2 groups of pigs classified according to their sex (castrated males and intact gilts). Our metabotype results shed light on sex-specific architecture of the pig metabolome that, in our study, is defined by the combination of 2 major factors: the primary sex-biased differences derived by the sex chromosomes (X and Y: females versus males) and the castration event of young piglets that modified the genetically determined developmental plans of the male pigs. Our study is driven by common practice (castrations of the males) in pig husbandry that might also represent an interesting case study to evaluate the pig as a model for male hormone deficiency and the derived side effects on the metabolism. Castration of males avoids the problem of boar taint of meat obtained from sexually mature male pigs. This is needed in particular in heavy pigs that are slaughtered when the animals reach about 160 kg at an age of about 9 mo. Actually, regulations to produce protected designation of origin (PDO) hams in Italy (Parma and San Daniele hams) indicate the lower limit of 9 mo for the animals to be slaughtered. Surgical castration of the males is not only a practice for heavy pig production but is also one of the most frequent castration methods worldwide, even if other approaches are becoming more frequent, including immunological castration and the use of entire males, slaughtered at lower weight and age, according to the trends related to European Union animal welfare recommendations (Bonneau, 1998; Bonneau and Lebret, 2010) .
Castration of males modifies the hormonal pattern of the pigs with important effects on the metabolism that, on one hand, produce physiological modifications impacting performance and carcass traits (Morales et al., 2011; Garitano et al., 2013; Trefan et al., 2013) , as we also observed in our heavy pig population. On the other hand, castration of males reduces (but does not completely eliminate) the metabolic differences of these pigs with that of entire gilts (Pelletier et al., 1981; Dorries et al., 1995) . The latter aspect can be easily understood if we compare the results obtained from similar studies performed in humans that defined metabolomic differences between men and women. For example, Mittelstrass et al. (2011) , using a partial least squares analysis on human metabolomic data obtained with the same Biocrates platform that we used in pigs, showed a more defined clusterization for men and women with a lower overlapping between the 2 sexes. In addition, in this human study (Mittelstrass et al., 2011) , a higher percentage of metabolites (78%; 102 out of 131 metabolites that were considered in the analyses) contributed to distinguish males from females. In our study, 85 out of 132 considered metabolites (64%) contributed to distinguish castrated male pigs from entire gilts. Despite the few methodological differences between the 2 studies (in humans, published by Mittelstrass et al., 2011; and our study in pigs) that complicate a precise comparison of the results, it seems clear that castrated male pigs are closer to gilts in terms of metabolomic profiles than men are to women. However, important differences remains and could contribute to explain phenotypic differences on carcass and performance traits between castrated male pigs and gilts.
Metabolomic differences between the 2 pig sexes were complex and encompassed a large number of metabolites ( Fig. 2 and 3 ; Supplemental Fig. S2 ; see the online version of the article at http://journalofanimalscience.org). Metabolites from all analyzed metabolite classes, including acylcarnitines, phosphatidylcholines, lysophosphatidylcholines, sphingomyelins, hexoses, AA, and biogenic amines, contributed to differentiate castrated males and intact gilts; that means that for at least 1 metabolite for each subgroup, the regression coefficient was different from 0 (Table 1) .
Among obtained metabotypes, it is interesting to note that the level of all acylcarnitines was higher in castrated males than in intact gilts. This result already has been observed comparing plasma and serum concentration of acylcarnitines in men and women (Slupsky et al., 2007; Reuter et al., 2008; Mittelstrass et al., 2011; Siegert et al., 2012) . Mihalik et al. (2010) reported that increased levels of several acylcarnitines were present in the plasma of obese individuals and in men and women with type 2 diabetes. Increased levels of serum acylcarnitines are considered biomarkers of prediabetic conditions (Mai et al., 2013) . Acylcarnitines are key metabolites involved in the fatty acid oxidation and energy expenditure and their higher levels are expected in individuals with higher fat deposition potential (Serra et al., 2013) , confirming what we observed in the castrated male pigs. Metabolite Set Enrichment Analysis supported that "oxidation of branched-chain fatty acids" involving several acylcarnitines is an enriched function in the castrated male metabolomic profile (Supplemental Fig. S2 ; see the online version of the article at http:// journalofanimalscience.org). If we analyze in more detail the observed differences for acylcarnitines, it could be possible to deduce additional hints from the metabolisms of the 2 groups of animals. Among these acylcarnitines, propionylcarnitine was the metabolite of this family with the highest Δ% (10.4%). This metabolite is a short-chain fatty acid esterified to carnitine (Δ% = 2.02%) that is transported into the mitochondria where is transformed into free carnitine and propionyl CoA. The latter metabolite is converted into succinyl CoA and then to succinate, which is involved in the citric acid cycle. Through this pathway, propionylcarnitine supplies energy to ischemic tissues and improves the contractile function of the heart (Siliprandi et al., 1991; Schönekess et al., 1995) . Propionylcarnitine also is a potent antiradical agent and, therefore, may protect tissues from oxidative damage (Mingorance et al., 2011) . Other 9 medium-and long-chain acylcarnitines (produced from carnitine and used in the transport of fatty acid molecules into the mitochondrial matrix) had a relevant Δ% between castrated males and entire gilts. The average Δ% of the C14, C16, and C18 acylcarnitines was similar (4.6, 3.0, and 3.1, respectively), with the largest Δ% for hexadecanoylcarnitine or C16 and octadecenoylcarnitine or C18:1 (about 6.5% for both metabolites). Considering the effects on short-chain acylcarnitines (propionylcarnitine and acetylcarnitine), together with the effect on medium-and long-chain acylcarnitines, the whole picture coming from this class of metabolites seems to mimic obesity, as in type 2 diabetes mellitus, mainly short species would tend to accumulate (Adams et al., 2009; Mihalik et al., 2010; Schooneman et al., 2013) . Another group of metabolites whose level was higher in castrated males than in entire gilts (8 out of 9; only putrescine was higher in gilts) was constituted by biogenic amines. This information was in part captured by Pathway Analysis that identified "taurine and hypotaurine metabolism" as one of the pathway that distinguished castrated males from entire gilts ( Fig. 2 ; Supplemental Table S3 ; see the online version of the article at http://journalofanimalscience.org). Serotonin level was substantially different between the 2 groups of pigs. Despite males being castrated, the level of this metabolite was much higher in these pigs than in entire gilts (Δ% = 20.8), confirming what was already observed in other studies (Henry et al., 1992 (Henry et al., , 1996 . Serotonin is a monoamine neurotransmitter derived from tryptophan that is found mainly in the gastrointestinal tract, in where it is produced in the enterochromaffin cells (about 90% of the total serotonin in the body), in the blood platelets, and in the central nervous system. This sex-associated effect could suggest a difference in intestinal serotonin release between castrated males and entire gilts, which might contribute to differentiate the 2 sexes in terms of muscle tissue development and growth (Musumeci et al., 2015) . Several studies in humans and in animal models indicated that a higher functional augmentation of serotonin is associated with decreased behavioral disorders and aggression (Coccaro, 1989) . It is well known that castration in pigs reduces aggression and behavioral problems during the fattening period in which entire males reach the sexual maturity (Tallet et al., 2013) . Tryptophan diet supplementation in piglets under social stress and in fattening pigs is associated with increased hypothalamic or plasma serotonin production, reduction of stress hormone concentrations, and in turn, improved behavioral and performance traits in castrated males compared with entire females (Henry et al., 1992; Shen et al., 2012a,b) . It is interesting to note that castrated males had also a higher plasma level of kynurenine (another biogenic amine produced during the tryptophan catabolism) but a lower level of tryptophan than entire gilts, suggesting that in castrated male pigs, there could be a modification of the tryptophan catabolism toward a lower use of this AA for protein deposition. The same picture could be deduced from the level of many other AA, in particular lysine (typically a firstlimiting AA). The higher levels of taurine (derived by sulfur AA metabolism), methionine sulfoxide (derived by the oxidation of methionine), and 2-aminoadipic acid (derived by the catabolism of lysine) in castrated males than in gilts (Δ% was 10.0, 5.4, and 5.9, respectively) further support a change in metabolism that redirects AA to different uses other than protein synthesis (i.e., energy production; Fig. 3 ). In addition, early studies in humans identified that only a few AA were augmented in plasma of obese subjects compared with controls (Felig et al., 1969) , including valine, leucine, and isoleucine, which were the only ones with a higher level in castrated pig males than in gilts (averaged Δ% = 2.9). Pathway Analysis captured this metabolic shift, indicating that the most important pathways that differentiated the 2 pig sexes included AA metabolism and protein construction-related functions (Fig. 2) .
Lipid metabolite profiles in the 2 groups of pigs was consistent for a metabolic shift toward increased lipid consumption and deposition in castrated males compared with the other sex, but with a more complex pattern that might underline sex-specific differences in lipid metabolism. A higher level of several sphingomyelin species was already observed in women than in men in both plasma and serum (Mittelstrass et al., 2011; Ishikawa et al., 2014) . Similar patterns were observed for most phosphatidylcholines in humans (Mittelstrass et al., 2011) as well as in pigs, as derived by our results that, for both Phosphatidylcholine diacyl Cx:y, where x indicates the number of carbon (C) atoms and y indicates the number of double bonds (PC aa Cx:y), and Phosphatidylcholine acyl-akyl Cx:y (PC ae Cx:y) metabolite classes, a larger number of molecule species with higher content in gilts than in castrated males was listed (Fig. 3) . A similar sex-derived effect was also observed in rats for a few phosphatidylcholines (Childs et al., 2008) . Most of the detected lysophosphatidylcholines were higher in gilts than in castrated males. This seems the most relevant difference on lipid metabolites between pigs and humans, in which males had a higher level of these biomarkers than women (Mittelstrass et al., 2011) . However, it is worth noting that the only lysophosphatidylcholine that was higher in castrated male pigs has an odd number of C (C17), whereas all other molecules of this family whose level was higher in the opposite sex have an even number of C (C18 and C20).
The potential resolution of metabolomics in dissecting complex states (i.e., different sexes) or phenotypes can be more precise as this technology will increase the number of detectable biomarkers. Despite the fact that a much larger number of metabolites might exist in body fluids than those we could measure (for example, the HMDB lists more than 4,000 different metabolic species in plasma or serum; Wishart et al., 2013) we were able to obtain a first large-scale sexderived metabolome picture of the pig, conditioned by the castration of the males. This metabolomic overview opened new clues on the biochemical mechanisms underlying sex dimorphisms that might explain differences in terms of economic traits between castrated male pigs and entire gilts. The general biological mechanism that differentiated these 2 groups of pigs seems derived mainly by a shift toward energy storage and fat deposition of castrated males whereas entire gilts have a metabolism that might provide a more efficient lean meat deposition. Our findings might help to design more precise management practices and feeding strategies for castrated males and entire gilts based on im-proved knowledge on metabolic differences between these 2 types of animals. In addition, this metabolomic approach produced new data to strengthen the pig as a potential model to study the effects of reduced male hormone production and the consequences of a metabolism that might be more oriented to produce obesity.
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